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Novel AlN nanostructures with tunable building units of the
architectures have been successfully synthesized without any
catalyst or template; the subsequent photoluminescence (PL)
indicates that the optical properties of the AlN nanostructures
can be adjusted by tuning the architectures.
Nowadays, nanostructured materials with various morphologies,
such as nanowires, nanotubes, nanowalls and nanotrees have
attracted considerable attention due to their potential usage as
building blocks for fabricating nanoscale electronic, opto-
electronic, electrochemical and sensor devices.1 At the same
time, fine tuning the size and shape of nanomaterials has
driven a great deal of interest in the development of complex
multifunctional materials because of their enhanced pro-
perties. Many efforts have been made to control and organize
morphologies of nanoscale materials into complex architec-
tures, such as ZnO nanocombs,2a nanohelices,2b hierarchical
architectures,2c sponge-like CaCO3 nanostructures,
2d GaP/ZnS
heterostructures,2e MnO dandelion-like microspheres,2f and
CdSe tetrapodal nanostructures,2g etc.
As an important nitride semiconducting material with the
highest bandgap of 6.2 eV, aluminium nitride (AlN) has
various unique properties such as excellent thermal con-
ductivity, high chemical resistance and high melting point.3
Recently, AlN nanostructures have attracted increasing atten-
tion in field emitters, flexible pulse-wave sensors and ultra-
violet nanolasers due to their novel physical and chemical
properties, such as low electron affinity, strong piezo-
electricity, high surface acoustic wave (SAW) velocity and
tunable band gap.4 Some researchers indicated that the
efficient visible luminescence of AlN in the 2–4 eV region
makes it a promising material for light emitting applications.5
So far, many research efforts have focused on the preparation
of various AlN nanostructures such as nanowires, nanotubes,
nanorods, nanotips, hierarchical comb-like structures, pine-
like structures, and nanobelts, using various methods.6 How-
ever, to our knowledge, there is no report on properties
modulation of the rationally designed and assembled complex
AlN architectures. We report here, the synthesis of novel
AlN nanostructures with tunable building units for the
architectures, and demonstrate the modulation of optical
properties through tuning AlN morphologies.
In a previous study, we successfully synthesized 3D AlN
microroses through direct reaction between Al and N2 in arc
plasma.7 In the present work, we show that AlN nano-
structures can be synthesized with tunable building units for
the architectures with the assistance of NH3. Differing from a
previous system,8 we also designed a Mo plate as upper
substrate located near the tip of W cathode (Fig. S1, ESIw).
This leads to high fluxes of Al and N vapors knocking against
the Al anode. As a result, AlN nanostructures with fine-tuned
architectures were formed on Al anode in a short reaction time
(30 min) (see ESIw for experimental details).
The morphologies of the as-prepared products on the Al
anode were characterized by SEM, as shown in Fig. 1.
Fig. 1(a) and (b) show the SEM images corresponding to
sample 1 obtained after 10 min reaction, which displays sixfold
symmetric microboxes. The size of the sixfold symmetric
microboxes is about 100–120 mm and their surfaces are
smooth. Fig. 1(c) is from sample 2 formed after 20 min
reaction, which shows many pyramidal nanostructures
growing almost perfectly vertical on the top surface of the
sixfold symmetric microbox with a size ranging from 400 to
500 nm. The high magnification image (Fig. 1(d)) reveals that
these pyramidal nanostructures have a hexagonal pyramidal
structure. Fig. 1(e) and (f) shows the SEM images of sample 3
obtained after 25 min reaction, which reveals that all AlN
hexagonal pyramids are connected with each other by nano-
walls. Fig. 1(g) shows the low-magnification SEM image of
sample 4 prepared after 30 min, showing that the top surface
of the sixfold symmetric microbox is covered with vertical
nanowalls. The high-magnification SEM image of the vertical
nanowalls is shown in Fig. 1(h). The thickness of the nano-
walls varies from 2 to 20 nm, and their height varies from 200
to 400 nm. The images (e) and (g) of Fig. 1 reveal that a small
depression at the center of the top surface of the sixfold
symmetric microboxes. The formation of a concave surface
at the middle can be explained by the fact that such con-
figuration has a much lower surface energy for a given
material.9
Based on the above observations, the growth of the AlN
architectures can be divided in four steps and illustrated
schematically in Fig. 2. (1) As the Mo substrate is added on
the W cathode, a small circulation of reactive vapors (circulation
II in Fig. S1, ESIw) between the Mo substrate and Al anode is
formed. This leads to high fluxes of Al and N vapors knocking
against the Al anode. As a result, the Al and N vapors are
transported by carrier gas to a certain temperature zone of Al
anode for the growth of AlN sixfold symmetric microboxes.
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(2) With the increase of the reaction time, more and more AlN
sixfold symmetric microboxes grow on the Al anode, resulting in
the slow evaporation of Al and a shortage of N vapors. The
degree of supersaturation of AlN vapor decreases and it is not
enough to provide the growth of AlN microboxes. Therefore,
AlN hexagonal pyramids instead grow perpendicularly on the
top surface of sixfold symmetric microboxes for the newly
arrived AlN vapors. (3) The degree of supersaturation of AlN
vapors decreases further with the increase of reaction time, and
the competing capturing of the absorbed AlNmolecules becomes
more and more severe, resulting in the nucleation and growth of
the nanowalls between hexagonal pyramids. (4) With the gradual
consumption of Al and N vapors, the competition in absorbing
molecules between hexagonal pyramids and nanowalls is even
more severe. The nanowalls become dominant eventually and
cover the top surface of sixfold symmetric microboxes (see ESIw
for thermodynamic process details).
The crystal structure of the products was examined by X-ray
diffraction (XRD) measurements using Cu-Ka radiation
(Fig. S2, ESIw). All observed peaks can be indexed to a pure
hexagonal phase [space group: P63mc (186)] of AlN (JCPDS
file No. 08-0262). No peaks of any other phases or impurities
were detected. The chemical composition of AlN nano-
structures was further determined by energy-dispersive X-ray
spectroscopy (Fig. S3, ESIw). Only peaks of the elements Al
and N are present in the EDS spectrum with an approximate
ratio of 1 : 1, implying the stoichiometry of AlN.
Fig. 3 shows the photoluminescence (PL) spectra of the
different AlN nanostructures, excited by 325 nm UV light
from He–Cd laser at room temperature. Curves 1–4 corres-
pond to sixfold symmetric microboxes, hexagonal pyramids,
hexagonal pyramids with nanowalls, and nanowalls, respec-
tively. It can be seen that all the curves have almost the same
PL band position, centered at 622.5 nm ranging from 425 to
750 nm with stable and strong emission. To investigate the
origin of the observed PL peaks, we annealed the AlN nano-
walls in high purity N2 and the PL is shown in Fig. S4 (ESIw).
Compared with the PL intensity of the unannealed AlN
nanowalls, the emission intensity of the annealed AlN nano-
walls shows a marked decrease. The decrease of the emission
intensity may be attributed to the decrease of nitrogen vacan-
cies on the surfaces of the AlN nanowalls after nitridation in
N2. This confirms that the origin of the PL peaks of the
AlN nanostructures comes from nitrogen vacancies. Also,
Strassburg et al. suggested that the nitrogen vacancies are
responsible for signals below the 2.5 eV emission band of AlN
crystals.10 Compared with samples 1, 2 and 3, the emission
intensity of the nanowalls on the top surface of microboxes
(sample 4) is the biggest, and samples 3, 2 and 1 decrease in
sequence without changing its position, as shown in Fig. 3.
This implies that the emission intensity is related to
AlN nanostructures, with the number of nitrogen vacancies
becoming smaller and smaller from sample 4 to 3, 2 and 1.
With the increase of reaction time, the active vapors of N and
Al for samples 1, 2, 3 and 4 decrease in sequence leading to an
increase of nitrogen vacancies. Similar work has also been
reported by Sun11a and Yang11b in which they suggested that
the weak green emission from thicker ZnO nanowires is due to
less surface oxygen vacancy concentration. Moreover, the
unique and complex structures for samples 2, 3 and 4 may
Fig. 2 Schematic illustration of the growth mechanism for the AlN
architectures.
Fig. 3 Room-temperature PL spectra of the AlN architectures: (1–4)
correspond to samples 1–4, respectively.
Fig. 1 SEM images (a) and (b) are from sample 1, showing a sixfold
symmetric AlN microbox, (c) and (d) are from sample 2, showing
hexagonal pyramids on the top surface of the microbox, (e) and (f) are
from sample 3, showing nanowalls between the hexagonal pyramids
on the top surface of the microbox, (g) and (h) are from sample 4,
showing nanowalls covering the top surface of the microbox.
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favor a higher level of surface and subsurface nitrogen vacan-
cies which also result in the increase of emission.12 In addition,
the vertically standing nanowalls on microboxes (sample 4)
can form Fabry–Perot microcavities, which may enhance the
optical gain and radiation recombination probability.13
We speculate that all the above factors may have caused the
emission intensity to increase from sample 1 to 4. These results
indicate that one can adjust the optical properties of AlN
nanostructures by tuning the architectures.
The Raman spectrum of the samples were measured to
provide additional assessment of the defect content and to
gain further insight into the property modulation. Hexagonal
wurtzite AlN belongs to the P63mc space group, with all atoms
occupying the C3n sites. Six Raman-active modes may be
predicted by group theory, i.e., 1A1(TO) + 1A1(LO) +
1E1(TO) + 1E1(LO) + 2E2.
14 For the four samples, it can
be seen that all the modes are attributed to the vibration of
wurtzite AlN,15 and the E2(high) mode has the maximum
intensity of the spectrum (Fig. S5, ESIw). It is well known
that the existence of defects is often accompanied by a
broadening of the Raman peak.16 On the other hand, it has
been reported that the characteristic peak assigned to the
lattice vibration modes E2(high) is usually employed to
analyze the defect content and structural quality of AlN
nanostructures.17 As shown in Fig. S6 (ESIw), for the four
samples, three characteristic peaks assigned to the lattice
vibration modes A1(TO), E2(high) and E1(TO) of AlN were
observed. The Gaussian fitted Raman spectrum can give
the full width at half maximum (FWHM) of the E2(high)
modes. Here, it is obvious that sample 4 has the largest
FWHM values of the E2(high, 9.05) mode, compared with
sample 3 (7.68 for E2(high)), 2 (7.65 for E2(high)), and
1 (7.12 for E2(high)), respectively. This further indicates that
the defect concentration in sample 4 is much higher than that in
samples 3, 2 and 1, which is consistent with the results of PL.
In summary, we have demonstrated the synthesis of unique
AlN nanostructures with tunable building units of the archi-
tectures by varying the reaction time. Also, we have shown
that the modulation of optical properties through tuning of
the AlN morphologies. This work provides a microscopic
structure pattern from the synthesis of high-quality complex
3D nanostructures, offering a new material platform for
designing various nanodevices with different properties.
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